The GDSL-lipase gene family is a very large subfamily within the supergene family of SGNH esterases, defined by the distinct GDSL amino acid motif and several highly conserved domains. Plants retain a large number of GDSL-lipases indicating that they have acquired important functions. Yet, in planta functions have been demonstrated for only a few GDSL-lipases from diverse species. Considering that orthologs often retain equivalent functions, we determined the phylogenetic relationships between GDSL-lipases from genome-sequenced species representing bryophytes, gymnosperms, monocots, and eudicots. An unrooted phylogenetic tree was constructed from the amino acid sequences of 604 GDSLlipases from seven species. The topology of the tree depicts two major and one minor subfamily. This division is also supported by the unique gene structure of each subfamily. Because GDSL-lipase genes of all species are present in each of the three subfamilies, we conclude that the last common ancestor of the land plants already possessed at least one ancestral GDSL-lipase gene of each subfamily. Combined gene structure and synteny analyses revealed events of segmental duplications, gene transposition, and gene degeneration in the evolution of the GDSL-lipase gene family. Furthermore, these analyses showed that independent events of intron gain and loss also contributed to the extant repertoire of the GDSL-lipase gene family. Our findings suggest that underlying many of the intron losses was a spliceosomal-mediated mechanism followed by gene conversion. Sorting the phylogenetic relationships among the members of the GDSL-lipase gene family, as depicted by the tree and supported by synteny analyses, provides a framework for extrapolation of demonstrated functional data to GDSL-lipases, whose function is yet unknown. Furthermore, function(s) associated with specific lineage(s)-enriched branches may reveal correlations between acquired and/or lost functions and speciation.
Introduction
One of the striking observations emerging from full plant genome sequencing and annotation projects is that most genes are not unique but rather belong to multigene families (Sappl et al. 2004; Moore and Purugganan 2005) . These families have arisen from duplications at the gene, chromosomal segment and full-genome levels (Cannon et al. 2004; Sappl et al. 2004; Moore and Purugganan 2005) . Duplicated genes may be retained owing to selective advantage of higher gene dosage or as a result of divergence in the function of the genes. Such divergence could come about through the acquirement of a new function (neofunctionalization) or through partitioning of ancestral functions (subfunctionalization), either by mutation in the coding sequence or by changes in regulatory elements (Blanc and Wolfe 2004; Moore and Purugganan 2005) .
The study of gene families in plants is important both for developing a tool for the study of genome evolution and as part of the effort to elucidate gene function (Sappl et al. 2004; Moore and Purugganan 2005) . GDSL-lipase genes are found across the prokaryotic and eukaryotic kingdoms (Akoh et al. 2004) and offer an exemplary case of a very large gene family in plants. Lipases are hydrolytic enzymes that catalyze the cleavage of mono-, di-and triglycerols to release fatty acids and alcohols (Angkawidjaja and Kanaya 2006) . GDSL-lipases possess several unique features distinguishing them from other lipases. These include a distinct GDSL sequence motif, differing from the classical GxSxG motif, with the serine serving as the nucleophile in the active site in both (Upton and Buckley 1995; Akoh et al. 2004) . The GDSL motif is found close to the N-terminus, whereas the GxSxG motif in other lipases is positioned near the center of the protein (Akoh et al. 2004 ). In addition, there are at least four conserved sequence blocks in the sequences of all GDSL-lipases, which appear in the same order (Upton and Buckley 1995) . Besides the catalytic serine found in block I, a glycine and an asparagine residue present in block II and block III, respectively, serve as proton donors to the oxianion hole. An aspartate and a histidine residue in block V complete the catalytic triad (Upton and Buckley 1995) . The catalytic site of GDSL-lipases is flexible, and thus, the enzymes have broad substrate specificity (Akoh et al. 2004 ). Yet, the natural substrates for most GDSL-lipases remain unknown.
The retention of a large number of GDSL-lipases in plants indicates that they have acquired important functions. Nonetheless, in planta function has been demonstrated for only a few GDSL-lipases. The involvement of GDSL-lipase genes in plant defense was suggested, based on their induction by salicylic acid and pathogens (Lee and Cho 2003; Oh et al. 2005; Hong et al. 2008) and the demonstration that their activity modulates disease susceptibility (Oh et al. 2005; Hong et al. 2008) . Similarly, GDSL-lipases were shown to be induced by various abiotic elicitors (Taipalensuu et al. 1997; Naranjo et al. 2006; Riemann et al. 2007; Hong et al. 2008) , and their ability to increase plant tolerance to salt and other environmental stresses was shown (Naranjo et al. 2006; Hong et al. 2008 ). In addition, GDSL-lipases were indicated as participating in hormonal pathways related to growth processes (Kiba et al. 2005; Cao et al. 2006) . There is also evidence for a correlation between the expression of GDSL-lipases and other developmental processes (Dickstein et al. 1993; Mayfield et al. 2001; Riemann et al. 2007; Kondou et al. 2008; Updegraff et al. 2009 ). Finally, the involvement of GDSL-lipases in the metabolism of cutin and wax, which form the cuticle secreted by the epidermis in the aerial parts of the plant, is also becoming apparent (Broun et al. 2004; Kannangara et al. 2007; Reina et al. 2007; Cominelli et al. 2008; Mintz-Oron et al. 2008; Panikashvili et al. 2010; Takahashi et al. 2010) .
In this study, we examined the relationships between GDSL-lipases within and amongan array of land plant species. At the time this research was conducted, there were five angiosperm genomes fully sequenced and adequately annotated. These include species from the core eudicots, that is Arabidopsis thaliana (Initiative 2000) , representing the eurosid I clades, Populus trichocarpa (black cottonwood) (Tuskan et al. 2006) , representing the sister eurosid II clade, and Vitis vinifera (grape vine) (Jaillon et al. 2007) , which is a basal rosid (Soltis et al. 1999; Brunner et al. 2004; . Orysa sativa (Project 2005) and Sorghum bicolor (Paterson et al. 2009 ) both belong to the monocots poales clade (Soltis et al. 1999; Brunner et al. 2004) . To date, no full genome sequence is available for any gymnosperms species, where the most comprehensive genomic resource is the Sitka spruce (Picea sitchensis) ESTs collection (Ralph et al. 2008) . Finally, the full sequence of the moss Physcomitrella patens enables for comparative analysis with early diverging lineages of land plants (embryophytes) (Rensing et al. 2008) .
The goal of the study was, on the one hand, to make use of a large gene family to provide insight into aspects of genome evolution. At the same time, this study aimed at providing a framework to enable the extrapolation of functional data through a comparative basis.
Materials and Methods

Data Retrieval
Searches for A. thaliana, O. sativa, P. sitchensis, and P. taeda GDSL-lipase homologs were performed using the BlastP, BlastN, and psiBlast programs, found at the NCBI site (http://blast.ncbi.nlm.nih.gov/), against the nonredundant (nr), expressed sequence tag, and high-throughput genome sequence (htgs) databases. Searches were initiated with various published GDSL-lipases homologs from A. thaliana. Searches for the P. trichocarpa and P. patens GDSL-lipase homologs were performed at the Joint Genome Institute (JGI) sites (http://genome .jgi-psf.org/Poptr1_1/Poptr1_1.home.html) and (http:// genome.jgi-psf.org/Phypa1_1/Phypa1_1.home.html), using ID domain 01087 (http://www.ebi.ac.uk/interpro/ DisplayIproEntry?ac5IPR001087) as a hit. Searches for V. vinefera and S. bicolor GDSL-lipase homologs were performed at the GEvo site (http://synteny.cnr.berkeley.edu/ CoGe) (Lyons and Freeling 2008) . Only protein sequences with the catalytic triad serine, aspartate, and histidine in the GDSL and WDXXH motive found at the N-and Ctermini were selected for further analysis.
In this study, the nomenclature of the GDSL-lipases (supplementary file 1, Supplementary Material online) takes the following form: Xx##_##: The first two letters represent the binomial name of the plant, the digit numbers in front of the underscore indicate the chromosome or scaffold on which the gene is located, where the second string of digit numbers corresponds to the order number, relative to other GDSL-lipases found on the chromosome. For the P. sitchensis genes, the order number is arbitrary.
Sequence Alignment
Multiple sequences alignments were constructed using ClustalW implemented in MEGA version 4 (Tamura et al. 2007 ). Coding DNA sequences were translated into their corresponding protein sequences, which were aligned using GONNET as the protein weight matrix (Gonnet et al. 1992) . A combination of 10 and 0.1 were used for gap opening and gap extension penalties, respectively. The multiple alignments were inspected by eye, and columns with !50% gaps were excluded.
Phylogenetic Analyses
Two phylogenetic methods were used for tree construction, namely, neighbor-joining (NJ) and maximum likelihood (ML). In the NJ method, the phylogenetic analyses were conducted using MEGA version 4 under the JonesTaylor-Thornton amino acid matrix-based model of molecular evolution without rate variation among sites or homogeneous pattern among lineages. Alignment gaps were deleted from the analyses by using the pairwisedeletion option. Bootstrap analyses were performed with 1025 replicates. In the ML method, the phylogenetic analyses were conducted using the online PhyML 3.0 algorithm (Guindon and Gascuel 2003) at the Montpellier bioinformatics platform (www.atgc-montpellier.fr/phyml/). The starting tree was generated by implementing the NJ method. The nucleotide substitution model was HKY85, and tree improvement was achieved by ''Nearest Volokita et al. · doi:10.1093/molbev/msq226 MBE Neighbor Interchanges'' and branch support analysis by bootstrap analysis (1000 replicates).
Synteny Analyses
Defining and evaluating syntenic regions among the sequenced genomes were performed using the CoGe platform (http://synteny.cnr.berkeley.edu/CoGe/), as outlined in . Briefly, cDNA sequences of GDSLlipases were sent to CoGeBlast implemented in the CoGe platform and compared with the genome sequences of all species included in this study (excluding P. sitchensis). From the list of high-scoring segment pairs, results with a value of E À10 were chosen. The genomic regions flanking the GDSL-lipases (100-200 kb on both sides of the gene) were sent to the GEvo synteny analysis program. Regions exhibiting three or more colinear features were considered as syntenic. In cases where a syntenic region was not found using the GDSL-lipase sequence, other genes in the vicinity were used for the search.
Cloning and Sequencing of Sorghum Genomic and cDNA GDSL-Lipase Genes Sorghum (S. bicolor, var. S. bicolor) seeds were supplied by the National Small Grains Collection, United States Department of Agriculture (http://www.ars-grin.gov/npgs/). For DNA and RNA extractions, leaves were collected from seedlings 2 weeks after germination. Genomic DNA was purified using the Qiagen DNA isolation kit, and total RNA was isolated by the Aurum Total RNA mini kit (BioRad), according to the manufacturer's instructions. For reverse transcription-polymerse chain reaction (PCR), cDNA was synthesized from 1 lg of template total RNA using the High-capacity cDNA Reverse Transcription Kit (Applied Biosystems). Genomic DNA and cDNA fragments were PCR amplified using the following sets of gene-specific primers: Sb10_19F (5#-ATGGCTTCCTCTGCGTCAGC-3#), Sb10_1 9R (5#-CTACGTCTGGCCGTATTTCTC-3#), Sb08_01F (5#-TTGACTCCATCTTCGCCTTCG-3#), and Sb08_01R (5#-TCAGCAGACACGCTGCTCAG-3#). PCR was conducted with 0.2 units of high-fidelity DNA polymerase (Phusion, FINNZYMES; www.finnzymes.com) in a 20 ll reaction mixture solution supplemented with 4 nmol of each deoxyribonucleotide triphosphate, 10 pmol of the respective forward and reverse primers, and 100 ng genomic DNA. PCRs were performed under the following conditions: 40 s at 98°C, 30 s at 56°C, 1 min per 1000 bp at 72°C, 29 cycles; 8 min final extension at 72°C and 10 min at 50°C. The PCR fragments were purified from agarose gels using the HiYield Gel\PCR DNA Fragment Extraction Kit (www.RBCBioscience.com) and cloned into pGEM-T easy vector (Promega). The nucleotide sequences of the cloned DNA fragments were determined using the ABI prism 3130 genetic analyzer. Both strands of the cloned DNA were sequenced. The sequence data from this study have been deposited with the GenBank/EMBL data libraries with accessions numbers HM633259 and HM633260 (Sb10_19 [Sb10g028360] cDNA and genomic DNA, respectively).
Results and Discussion
The GDSL-Lipase Gene Family in the Land Plants Comprises Three Subfamilies To date, there are several species of land plants whose genomes have been fully sequenced and relatively well annotated. Apart from the obvious advantage of retrieving the encoding sequences of most/all GDSL-lipase family members from these genomes, they are also useful sources for the detection of additional phylogenetic traits, such as GDSL-lipase gene structure and its occurrence in genomic regions showing collinearity of genomic features (i.e., synteny; . Accordingly, cDNA and amino acid sequences of GDSL-lipases homologs (supplementary files 1 and 2, Supplementary Material online) from one bryophyte species (P. patens) and five angiosperm species (three eudicot species [A. thaliana, Vitis vinifera, and P. trichocarpa] and two monocot species (O. sativa and S. bicolor)] were retrieved for phylogenetic analyses. Although many additional partial sequences were found, those not including the amino-terminal GDSL and/or the carboxy-terminal W/FDXXH consensus motifs, such as isoamyl acetate hydrolases, were omitted from the phylogenetic analysis. In addition, the sequences of GDSL-lipases from the gymnosperm P. sitchensis were included as a closer out group for the angiosperms genes.
First, unrooted NJ and ML trees were constructed for each species. Figure 1 presents trees constructed based on the cDNA sequences of 44 GDSL-lipase paralogs of the moss P. patens. The topology of the trees depicts two major subfamilies (denoted A and B) and one minor subfamily (denoted as C), all well supported by bootstrap values. Similar tree topologies were exhibited for each of the paralog trees generated by the other six species considered here (data not shown). A three subfamily tree topology was retained in a gene family tree constructed from amino acid sequences of 604 GDSL-lipases from the seven species listed above (fig 2 and supplementary file 3, Supplementary Material online). In the expanded tree ( fig. 2 and supplementary file 3, Supplementary Material online), the nodes of subfamily B are well supported by a high bootstrap value (93%), whereas subfamilies A and C are less well supported (76% and 77%, respectively). The finding that GDSL-lipase genes of all species studied here (including the moss, P. patens) are present in each of the three subfamilies described above indicates that the last common ancestor of the land plants (embryophyta) already possessed at least one ancestral GDSL-lipase gene in each subfamily.
Gene Structure Supports the Division into Three SubFamilies and Reveals Events of Intron Losses and Gains in the GDSL-Lipase Gene Family
Intron position is evolutionarily conserved (Fedorov et al. 2002; Babenko et al. 2004 ) and thus can be used as an additional phylogenetic information source (Fedorov et al. 2002; Babenko et al. 2004) . For this purpose, the positions of all those introns contained within GDSL-lipase genes of Phylogenetic Relations in the GDSL-Lipase Family · doi:10.1093/molbev/msq226 MBE the six species whose gene structure could be retrieved from the genomic sequence (excluding the P. sitchensis genes) were identified (supplementary file 4, Supplementary Material online). Six introns (denoted as introns 1-6 as a function of their relative position to the 5# end of the coding DNA strand) are of special interest because they can be viewed as hallmarks of subfamilies A, B, and C. Namely, intron positions 1 and 6 ( fig. 3A ) appear in all three subfamilies and, in total, are shared by the majority of the GDSL-lipase genes studied ( fig. 3B ). These can thus be regarded as introns inherited from the last common ancestor of the extant genes that comprise subfamilies A, B, and C. Intron position 5 is conserved in genes of subfamilies A and B alone ( fig. 3 ), pointing to a common ancestor gene that gave rise to these subfamilies. Intron positions 2, 3, and 4 are unique to genes of subfamilies A, B, and C, respectively (Akoh et al. 2004 ) are underlined. The residues of the catalytic triad are indicated by triangles (Akoh et al. 2004) . Open boxes and numbers above the boxes indicate the positions and numbers of the introns.
Phylogenetic Relations in the GDSL-Lipase Family · doi:10.1093/molbev/msq226 MBE ( fig. 3) . A plausible scenario for the evolution of the three subfamilies of GDSL-lipase within the ancestral land plants is depicted in figure 3B . Accordingly, the exon-intron structure of the ancestral genes to the extant genes that comprised subfamilies A and B contained five exons (four introns), whereas that of the ancestral gene to those of subfamily C presented four exons.
Apart from the six common introns, which constitute a basic structure of three (subfamily C) or four (subfamilies A and B) introns, current annotations in the databases suggest the existence of more introns. However, for most of the putative additional introns, there is no cDNA support for their presence. Moreover, comparing the gene sequence to its verified ortholog(s) (see below for details) showed that the putative introns are part of the open reading frame. Altogether, only six extra introns were validated as being genuine in subfamily A ( fig. 4A ) versus none in subfamily B. Theoretically, the genes containing the extra introns could be descendents of a gene with multiple introns (i.e., containing at least 12 introns). Should the ancestral state of subfamily A have been that of a multiple intron structure, it is expected that the incidence of genes with the additional introns would be similar to those containing introns 1, 2, 5, and 6 ( fig. 3 ). Yet, each of the extra introns is present in only one or few genes, whereas genes including more than one of the extra introns were not found. This observation lends support to the hypothesis that the extra seven introns are the result of later intron gain events (i.e., after fixation of the four intron gene structure as the basic form) and, moreover, that these events are not extremely rare (Omilian et al. 2008) , as has been argued (Roy et al. 2003; Sharpton et al. 2008 ). On the other hand, to further examine the possibility of the presence of a multiexon ancestral gene, it could be informative to analyze intron position in GDSL-lipases from taxa basal to the embryophyta, such as the green algae Chlamydomonas reinhardtii. The current gene models of Chlamydomonas GDSL-lipases (genome .jgi-psf.org/Chlre3/Chlre3.home.html) suggest that they include a larger number of introns, as compared with higher land plants. However, based on the current status of the Chlamydomonas sequence data and the lack of cDNA support, these gene models and their deduced intron positions remain questionable.
In contrast to subfamily A, about 50% of the genes of subfamily C harbor an extra intron upstream to the conserved intron 1. Alignment of the amino acids encoded by the nucleotides flanking these introns shows the close spacing of these introns ( fig. 4B) . Nonetheless, this region upstream of the GDSL motif coding sequence is highly variable, and thus, alignment is problematic. Considering such alignment uncertainty, the close spacing in intron position strongly suggests that these sequences in fact correspond to the same intron. The slight shifts in intron position might also be due to intron sliding (Stoltzfus et al. 1997) . If, indeed, the extra closely spaced introns are related to the same intron, the fact that this intron is present in moss indicates that two gene structures of subfamily C were already present prior to the split between the Bryophyta and the embryophyte.
Close examination of those cases of genes with a reduced number of exons (in relation to other members in their subfamily) indicates that the gene structures seen are characterized by precise and total intron loss. An example for such analysis is given in figure 5 . Os07_04 and Sb02_14 from subfamily B are true orthologs (i.e., originated from a single ancestral gene in the last common ancestor of rice and sorghum), based on synteny analysis conducted using CoGe (Lyons and Freeling 2008) (fig. 5A ). Os07_04 has the canonical subfamily B structure of five exons, whereas Sb02_14 comprises three exons. Amino acid alignment of the sequences of the two encoded proteins ( fig. 5B) showed that 1) the open reading frame in the gene that lost its introns was retained, as in its five-exons ortholog, and (ii) there was no addition of amino acids originating from new codons derived from the intron. Alignment of the genomic sequences of the two genes indeed shows that Sb02_14 lacks any nucleotides in the regions of the introns in Os07_04 (fig. 5C ).
Precise excision of the introns suggests that a spliceosomal intron loss mechanism (Venkatesh et al. 1999 ) is involved in the rise of the new genes, rather than mutations in the intron donor/acceptor sites that might lead to nonfunctional genes. The large repertoire of genes containing different number of exons found in the GDSLlipase family could be the result of retention of a variable number of introns during mRNA splicing, followed by retrotransposition. Indeed, intron retention is a common type of alternative splicing in plants (Ner-Gaon et al. 2007 ). Recent evidence also supports the significant role of retrotransposition in gene origination (i.e., retrogene formation) in plants (Wang et al. 2006) . Three criteria are commonly used to identify retrogenes, namely, loss of introns, flanking direct repeats, and poly (A) sequences (Wang et al. 2006 ). However, these hallmarks can be lost by further changes in the evolving genome (Kong et al. 2007) and thus would usually be found only in genes formed by recent events of retrotransposition. Retrotransposition would be expected to result in the insertion of the retrogene into a different genomic region than that from which it originated. Nonetheless, as shown above ( fig. 5) , in cases where synteny was found, it appears that many of the GDSL-lipase genes with modified intron numbers reside in the same allelic loci as do their three or four introncontaining homologs. Thus, a mechanism such as gene conversion of the original gene with the intron-edited cDNA (mRNA-mediated gene conversion [Feiber et al. 2002] ) is a more plausible explanation for the appearance of multiple introns.
Interestingly, among the species surveyed in this study, loss of introns in GDSL-lipase genes was much more prevalent in the grasses, particularly in sorghum, where 53 unique events are seen. Yet, most of the GDSL-lipases gene structures in the sorghum genomic databases are in silico models lacking experimental support in the form of expressed mRNAs. Moreover, some of the sorghum GDSLlipases included in this study were found through Basic Local Alignment Search Tool (BLAST) analysis in genomic loci that are not yet annotated. Therefore, the cDNAs and the corresponding genomic regions of two genes (Sb08_01 and Sb10_19), predicted to encode three exons, were PCR amplified ( fig. 6A) and sequenced (fig. 6B ) using genespecific primers (see Materials and Methods). The reconstructed structure of both genes revealed four exons ( fig. 6B) . In both cases, the predicted amino acid sequences encoded by the resulting cDNAs were more similar to their orthologs than to previous annotations (http://genome .jgi-psf.org/Sorbi1/Sorbi1.home.html). These examples point to the importance of empirical validation for accurate gene structure annotation. In this case, it is likely that the incorrect annotation was due to the presence of several uncanonical intron donor/acceptor sites ( fig. 6B ). Nevertheless, in terms of intron loss, these genes still show deviation from the common five-exon structure.
The Expansion of the GDSL-Lipase Gene Family Occurred Through Duplications at Several Speciation Junctions
To gain better understanding how the expanded GDSLlipase gene family evolved, the three subfamilies were examined at higher resolution ( fig. 2 and supplementary file 3, Supplementary Material online). Within subfamilies A and B, five and three clades, respectively, contain representative sequences of the moss which appear either as out groups to genes of the embryophyte species or as a small clade that includes only moss genes. The presence of several such clades implies for ancient duplication events that preceded the bryophyte-embryophyte split. However, several nodes that branch to clades containing moss genes also branch to clades lacking moss genes. The lack of moss genes from the latter clades could be due to gene loss after duplication in the lineage leading to the extant moss. Altogether, the branching order in subfamilies A and B suggests at least six and four duplication events, respectively, that predated the bryophyte-embryophyte split ( fig. 2) . It is possible, however, that the duplications leading to the clades that lack moss genes occurred after the bryophyte-embryophyte split, and the corresponding branches should be placed at an outer node. Subfamily C comprises a group of seven moss genes that seems to be an out group to a clade that, in turn, consists of moss and embryophyte genes. Such branching order pattern implies for at least one duplication event in this subfamily.
The GDSL-lipase family in each of the angiosperm species is significantly larger than in the moss (supplementary Phylogenetic Relations in the GDSL-Lipase Family · doi:10.1093/molbev/msq226 MBE files 1 and 2, Supplementary Material online). This observation has been reported for other large gene families (O'Toole et al. 2008) , and it suggests a considerable expansion of the GDSL-lipase gene family after the split of moss from the lineage leading to embryophyte. One such example, indicating further duplications that occurred following bryophyte-embryophyte split, is taken from a branch of clade A.1.1.1.1.2, presented in figure 7 . This example follows a duplication event that occurred prior to the gymnospermangiosperm split. Each daughter gene was inherited through speciation to the extant species, thus forming two orthologous groups. The two groups are therefore more related to each other than to other GDSL-lipases that resulted from earlier duplications. Later, duplications within the gymnosperms, within the monocots (before the sorghum-oryza split), and within the rosids are also supported by high bootstrap values ( fig. 7) .
Synteny between genomic regions implies their common origin (Mayer et al. 2001; Lyons and Freeling 2008) . In turn, synteny analysis can indicate events of MBE whole-genome and segmental duplications, degeneration of given genes, and gene transposition from another locus in the genome (Sampedro et al. 2005; Lyons and Freeling 2008) . Synteny analyses indeed confirmed that all these evolutionary mechanisms were part of the evolution of the GDSL-lipase gene family in land plants. An example for such analysis is given for a branch within clade B.1.1.1 (fig. 8A ). Accordingly, synteny was found between chromosomal regions, harboring the in tandem genes Vv18_01 and Vv18_02, and poplar regions in chromosomes 2 and 5, containing the genes Pt02_02 and Pt05_02, respectively ( fig. 8B) . At the time, the phylogenetic tree was constructed a GDSL-lipase gene model (i.e., Pt02_03) in tandem to Pt02_02 was available and therefore included in the tree. However, this model was omitted in an updated version of the poplar genome draft. Nonetheless, the synteny analysis ( fig. 8B ) showed remnants of a GDSL-lipase adjacent to both Pt02_02 and Pt05_02. This observation implies that in the ancestor to the rosid lineage, two GDSL-lipases were already present in tandem and that a segmental duplication and degeneration of one of the GDSL-lipases occurred in the lineage leading to poplar. Interestingly, a mechanism for the gene degeneration could be suggested based on the synteny analysis, as the GDSLlipase sequence is split by a retroelement pol polyproteinlike sequence (fig. 8B ). The lack of another syntenic region in grape supports the hypothesis that the segmental duplication occurred after the divergence of the eurosids from the basal rosids . From the phylogenetic tree, synteny between the region containing Pt05_02 and the region harboring Pt01_01 is inferred. However, synteny was not found between these two regions but rather Phylogenetic Relations in the GDSL-Lipase Family · doi:10.1093/molbev/msq226 MBE a region syntenic to the latter region was found in chromosome 3 ( fig. 8B ). Interestingly, this region contains a sequence with high similarity to that of Pt01_01; however, it is not annotated as GDSL-lipase. Finally, Vv14_02b is highly similar to Vv18_02 (97%); nonetheless, the chromosomal segment containing Vv14_02b is not syntenic to the region containing Vv18_02. Rather, the Vv14_02b region is syntenic to segments in poplar chromosomes 5 and 13 that do not contain a GDSL-lipase gene or its remnants (data not shown). This indicates that Vv14_02b probably arose by transposition from Vv18_01 or Vv18_02 template.
An additional interesting case, presented in figure 9A (clade A.1.1.1.1), is the course of gene degeneration (i.e., gene death) through evolution as resolved by synteny analysis. In the presented branch, GDSL-lipase orthologs are found in V. vinifera and P. trichocarpa (Vv03_01, Vv03_02, and Pt04_08, respectively), whereas the syntenic region in A. thaliana lacks a GDSL-lipase ( fig. 9B ). The presence of these orthologes in V. vinifera and P. trichocarpa indicates that their parental gene existed in basal rosids Soltis et al. 2009 ) yet was lost in the lineage leading to A. thaliana. The presence of remnants of this GDSL-lipase in the syntenic region of Carica papaya ( fig. 9C ) supports the hypothesis that the gene indeed became nonfunctional before the separation of A. thaliana and C. papaya.
Another feature of the GDSL-lipase gene family expansion is that although the total number of members is similar in the angiosperm species considered here, the paralog repertoire of these species is also the result of relatively recent lineage-specific duplication events. For example, in clade B.2.2, there is a pronounce enrichment in monocot representatives (supplementary file S3, Supplementary Material online). In the same clade, a branch (designated as branch A) consisting of eleven Arabidopsis genes is present. In this case, as in many others, the genes are clustered in the same chromosomal region (supplementary file S2, Supplementary Material online), indicating that these genes probably arose by local duplications. It should be noted that even though the GDSL-lipase gene family in the moss is much smaller than in the angiosperms, speciesspecific amplification is evident (e.g., clades A.1.1.1.1.2.2, B.1.2, and C; supplementary file S3, Supplementary Material online).
GDSL-Lipase Gene Family History as a Basis for Extrapolation of Functional Assignments
GDSL-lipases have a flexible substrate-binding pocket in their active site that enables the binding of different substrates in conformations that are optimal for the catalytic activity of the enzyme (Akoh et al. 2004 ). This ability of GDSL-lipases to act on a wide range of substrates makes it difficult to identify their natural substrates and consequently complicates the characterization of their biochemical activity in planta. Thus, although the GDSL-lipase family is a dominant family in plants, as reflected by the retention of multiple duplicated genes, evidence for their functional roles in plants is still very limited. To overcome this ambiguity, the function(s) of uncharacterized GDSLlipases might be elucidated by extrapolation from their orthologs whose function has been demonstrated. This approach is based on the notion that orthologs often retained equivalent functions (Koonin 2005 ). Yet, identifying true orthologs, solely based on phylogenetic trees, could be misleading. For instance, some orthologs could be missing due to incomplete sampling or bona fide gene loss (e.g., in fig. 8 ) during evolution leading to ''so-called'' pseudo-orthologs (Koonin 2005) . Because synteny between genomic regions implies their common origin, it can provide support to the putative orthology or paralogy status of the GDSL-lipase genes, as interpreted from phylogenetic tree topology. In this respect, synteny analyses confirmed that most genes branching from the same terminal node (i.e., sister genes), at least those belonging to either the monocots or the eudocots, reside in syntenic chromosomal regions (supplementary file S2 and S5, Supplementary Material online). Moreover, in few cases, syntenic regions flanking GDSLlipase genes were detected even between monocots and eudicots (supplementary file S2 and S5, Supplementary Material online).
To form a framework for functional comparative examination, a list of GDSL-lipases whose putative function has showing the syntenic relationships between the genes in the branch. Although generally synteny is shown only for coding elements, for the regions of genes Pt05_02 and Pt02_02 synteny is shown for coding and noncoding sequences. For the description of features of the figure, see legend to figure 5A. GDSL-lipases or partial GDSL-lipase sequences are indicated by black or red boxes, respectively. Regions of similarity (i.e., BLAST hits) between pairwise sequence comparisons are drawn as colored blocks above or below the gene models, with each color representing one pairwise comparison, following the key shown to the right of the image. Lines are drawn connecting the GDSL-lipase sequences in the regions of genes Pt05_02, Pt02_02, and Vv18_01/02. The red arrow indicates the location of the retroelement pol polyproteinlike sequence.
Phylogenetic Relations in the GDSL-Lipase Family · doi:10.1093/molbev/msq226 MBE involvement in developmental processes; and (F) biochemical activities whose relevance to plant function is yet unclear.
As seen from table 1, there is no clear association between the general processes in which GDSL-lipases have been suggested to be involved and specific clades of the gene family tree. Yet, in several cases where more precise information is available about the genuine participation of the GDSL-lipase in a biochemical pathway, an association to a specific clade can be seen. For instance, the maize showing the syntenic relationships between regions of V. vinifera and Populus trichocarpa containing a GDSLlipase and an A. thaliana region lacking an orthologous GDSL-lipase. For the description of features of the figure, see legend to figure 5A. Lines connecting the GDSL-lipase sequence found in P. trichocarpa and the homologous duplicate genes in V. vinifera. (B) As in (A), except that the syntenic analysis compares regions of V. vinifera and P. trichocarpa with Carica papaya. Lines connecting the V. vinifera and P. trichocarpa GDSL-lipase sequences and a remnant homologous region in C. papaya are provided.
Volokita et al. · doi:10.1093/molbev/msq226 MBE acetylcholinestrase (AChE) in clade B.1.1.1 has monocot orthologs in a branch (designated as branch B; supplementary file S3, Supplementary material online) that includes also eudicot representatives. This branch, in turn, is sister to a branch (branch C; supplementary file S3, Supplementary material online) containing early nodulation-specific proteins (ENOD8). Interestingly, the AChE from the eudicot Macroptilium atropurpureum is in a branch (branch D; supplementary file S3, Supplementary material online), which is an out group to the maize AChE and ENOD8 branches. This may suggest an association between the function of AChE and the function of nodulation-specific proteins. Along the same line, the descendents of a GDSL-lipase duplication event in a Brassicales-specific subclade (clade A2, branch E; supplementary file S3, Supplementary material online) are associated with myrosinase activity (Taipalensuu et al. 1996; Zhang et al. 2006; Agee et al. 2010) , found specifically in this taxonomic order (Taipalensuu et al. 1996; Agee et al. 2010) . Similarly, the seeds of Brassicaceae species accumulate high levels of sinapine and several GDSL-lipases from Brassica napus, and A. thaliana have been shown to function as sinapine esterases (Clauss et al. 2008) . In this case, the sinapine esterases are clustered within an A. thalianaspecific branch (clade B.2.2, branch A; supplementary file S3, Supplementary material online) on the GDSL-lipase gene family tree.
This study provides the basis for a better-educated choice of GDSL-lipase representatives (i.e., from different clades), characterized by unique protein domains for structure-function studies. As information on the function of more GDSL-lipases accumulates, it is expected that more correlations between acquired and/or lost functions and speciation will be revealed. In this respect, a wider association may be suggested between the proliferation of GDSLlipases in angiosperms and the appearance of flowers.
Conclusions
In this study, we explored the phylogenetic relationships among the members of the large GDSL-lipase family by combining comparisons of their coding sequences, gene structures, and genomic positions. This strategy enabled us to reach the following main conclusions: 1) The GDSL-lipase family in land plants is comprised of three subfamilies, each characterized by a unique gene structure. 2) Other gene structures in each subfamily could be explained by later events of intron gain and/or loss. 3) Comparison of genuine orthologs differing in their gene structure indicated that underlying many of the intron loss events (Cao et al. 2006) , (2) regulation by cytokinin (Kiba et al. 2005) ; B. Abiotic signaling: (3) salt tolerance (Naranjo et al. 2006) , (4) drought tolerance (ABA signaling) (Hong et al. 2008 ), (5) wound stress resistance , (6) light and jasmonic acid (Riemann et al. 2007 ); C. Biotic signaling: (7) disease susceptibility (Hong et al. 2008) , (8) pathogen induction (salicylic acid) (Lee and Cho 2003) , (9) fungus resistance (Oh et al. 2005) , (10) systemic resistance (ethylene signaling) (Kwon et al. 2009 ), (11) myrosinase-associated protein (glucosinolates metabolism; defense against fungus and herbivores) (Taipalensuu et al. 1996; Zhang et al. 2006; Agee et al. 2010) ; D. Metabolism of cuticular waxes: (12) changes in gene expression in cuticle-associated mutants (win1/shn) (downregulation) (Broun et al. 2004; Kannangara et al. 2007 ), dso-4 (downregulation) (Panikashvili et al. 2010) (Reina et al. 2007 ), (14) cutinase activity (Takahashi et al. 2010 ); E. Other plant developmental processes: (15) root nodulation (Dickstein et al. 1993; Arif et al. 2004 ), (16) pollen coat proteins (pollen hydration) (Mayfield et al. 2001; Updegraff et al. 2009 ), (17) lipid processing in the endosperm (Kondou et al. 2008) , (18) sinapine esterase activity in germinating seeds (Clauss et al. 2008), (19) nectar protein (Kram et al. 2008 ); F. Others: (20) AChE activity (Sagane et al. 2005; Yamamoto et al. 2008) , (21) deacetylation of lanatosides (Kandzia et al. 1998) , (22) expression in latex, high specific activities on tributyrin, and short chain vinyl esters (Abdelkafi et al. 2009 ).
Phylogenetic Relations in the GDSL-Lipase Family · doi:10.1093/molbev/msq226 MBE was a spliceosomal-mediated mechanism followed by gene conversion. 4) Combined gene structure and synteny analyses revealed events of segmental duplications, gene transposition, and gene degeneration in the evolution of the GDSL-lipase gene family. 5) Orthologous groups within the GDSL-lipase family in land plants can now be defined and serve as a basis to extrapolate functional information from studied GDSL-lipases to those whose role is yet unknown.
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